Summary Purpose Naturally occurring tumor suppressor microRNA-34a (miR-34a) downregulates the expression of >30 oncogenes across multiple oncogenic pathways, as well as genes involved in tumor immune evasion, but is lost or under-expressed in many malignancies. This first-in-human, phase I study assessed the maximum tolerated dose (MTD), safety, pharmacokinetics, and clinical activity of MRX34, a liposomal miR-34a mimic, in patients with advanced solid tumors. Patients and Methods Adult patients with solid tumors refractory to standard treatment were enrolled in a standard 3 + 3 dose escalation trial. MRX34 was given intravenously twice weekly (BIW) for three weeks in 4-week cycles.
Introduction
MicroRNAs (miRNAs) are naturally occurring, short (~17-23 nucleotides), non-coding RNAs that comprise a new class of post-transcriptional regulators of gene expression [1] . More Presented in part (preliminary results) at the 26th AACR-NCI-EORTC Symposium on Molecular Targets and Cancer Therapeutics, Barcelona, Spain, November [18] [19] [20] [21] 2014 , and the AACR-NCI-EORTC International Congress on Molecular Targets and Cancer Therapeutics, Boston, MA, November 5-9, 2015.
Electronic supplementary material The online version of this article (doi:10.1007/s10637-016-0407-y) contains supplementary material, which is available to authorized users. than 2500 human distinct miRNAs have been identified, many highly conserved from plants to humans and others that may be lineage and tissue specific [2] . miRNAs play critical roles in key biological processes as Bmaster regulators,^si-multaneously modulating the expression of up to several hundred genes across multiple cellular pathways [3] . miRNAs are involved in nearly all developmental and pathological processes in animals, and their dysregulation is associated with many human diseases, including cancer [1, 3] . Altered (increased or reduced) expression of miRNAs relative to normal tissue is apparent in virtually all solid tumors and hematological malignancies [4, 5] . Numerous studies using cultured cells and animal models have identified miRNAs that can function as conventional tumor suppressors or oncogenes, and have demonstrated that the introduction or repression of a single miRNA can effectively contribute to tumorigenesis, tumor progression, or regression [6, 7] . This collective science provides a rationale for developing miRNA-based cancer therapies, particularly given the potential to simultaneously repress multiple oncogenic processes in the tumor microenvironment, including growth and proliferation, drug resistance, cancer stem cells, metastasis, and immune evasion [6] [7] [8] [9] . One potential therapeutic strategy is to introduce a miRNA mimic to restore the functionality of a tumor suppressor miRNA that may be lost or expressed at reduced levels in the tumor [10] [11] [12] .
MRX34, a potential first-in-class miRNA mimic therapy for cancer, is a liposomal formulation of the naturally occurring tumor suppressor miR-34a [13, 14] . In patients with a broad range of cancer types, miR-34a is lost or expressed at reduced levels, frequently in association with loss of p53 function, which normally induces its transcription [8, [15] [16] [17] . Retrospective clinical studies in a similarly broad range of cancers have linked low miR-34 expression to worse survival [18] [19] [20] [21] [22] [23] . miR-34a normally functions to down-regulate the expression of more than 30 different oncogenes across multiple oncogenic pathways (eg, MET, MEK1, MYC, PDGFR-α, CDK4/6, BCL2, WNT 1/3, NOTCH1, CD44), as well as genes involved in tumor immune evasion, (PD-L1, DGKζ) [8, [24] [25] [26] . Studies introducing miR-34a mimics into cultured cancer cell lines derived from both solid tumors (lung, liver, colon, pancreatic, brain, skin, prostate, bone, ovary) and hematological malignancies (lymphoma, multiple myeloma, leukemias) show significantly reduced cell proliferation, migration and invasion, inhibition of cancer stem cells, and synergistic effects in combination with other anticancer therapies, such as tyrosine kinase inhibitors, cytotoxic chemotherapy, and radiation therapy [8, 9, [27] [28] [29] [30] [31] . In various animal models of cancer, treatment with miR-34a delivered via a variety of vehicles, including liposomal, inhibited the growth of primary tumors, blocked metastasis, and extended survival [8, 13, [29] [30] [31] [32] [33] . In orthotopic mouse models of hepatocellular carcinoma (HCC), MRX34 demonstrated significant growth inhibition, including tumor regression in more than a third of the treated animals [13] .
Here we report results from the first-in-human, phase I clinical trial of miRNA cancer therapy, in which adult patients with refractory advanced solid tumors were treated with escalating twice-weekly (BIW) doses of MRX34.
Patients and methods

MRX34
MRX34 is a 23-nucleotide long, double-stranded, synthetic version of miR-34a (a miR-34a Bmimic^), encapsulated in a liposomal nanoparticle with a diameter of~110 nm. The liposomal component contains amphoteric lipids that are cationic during liposome formation under acidic conditions to ensure efficient encapsulation of the negatively charged miR-34a mimic, and anionic in vivo at neutral pH to minimize particle aggregation and electrostatic adherence to the cellular membranes of endothelial cells [34] . Consistent with these biochemical attributes, MRX34 has a long circulation time in blood and delivers high numbers of miR-34a mimics to tumors, liver, and a variety of other tissues, including bone marrow, spleen, and lung, when administered intravenously to mice and nonhuman primates [35] .
Patients
Eligible patients were 18 years or older, and had refractory advanced malignancies for which no standard treatment existed, ECOG performance status 0-2, acceptable hepatic, renal, and hematologic function, and anticipated life expectancy of at least 3 months. Patients with non-HCC cancers were required to have hepatic metastases. For patients with HCC, only those with liver disease classified as Child-Pugh A were eligible. Patients with CNS metastases were allowed 4 weeks after completion of treatment provided they were stable with no attributable symptoms. The study followed the Declaration of Helsinki and the International Conference on Harmonization Good Clinical Practice guidelines. Patients were enrolled with approval from the ethics committees and institutional review boards at participating institutions, and all patients signed a written informed consent prior to starting study-specific procedures.
Study design
This multi-center, open-label, dose escalation phase I clinical trial was conducted in the United States and Republic of Korea. Standard 3 + 3 dose-escalation rules were followed. Due to concerns about underlying liver dysfunction, patients with HCC underwent dose escalation in cohorts separate from patients with non-HCC tumors. The starting dose was 10 mg/ m 2 based on a 10-fold safety reduction of the 9 mg/kg noobserved-adverse-effect level (NOAEL) from a repeat-dose toxicity study in non-human primates. A modified Fibonacci scheme was used to escalate the dose to 20, 33, . Following the observation of fever, chills, rigors, and back pain at these initial dose levels, routine premedication with a single dose of dexamethasone 10 mg IV was subsequently given to all patients at dose levels of 33 mg/ m 2 or higher just prior to each dose of MRX34 in cycles 1 and 2. In subsequent cycles, reduction or omission of the dexamethasone dosage was allowed at the investigators' discretion. The primary objectives of the study were to determine the MTD and the recommended phase II dose. Secondary objectives included assessments of safety and tolerability, pharmacokinetics (PK), and clinical activity.
Study evaluations
All patients who received treatment with MRX34 were considered evaluable for safety, with adverse events (AEs) graded by the NCI-CTCAE version 4.03. AEs and concomitant medications were evaluated and recorded at each patient visit, with laboratory abnormalities recorded separately. A Cohort Review Committee comprised of the investigators, site coordinators, and medical monitor met weekly via teleconference to review safety and manage the dose-escalation process. An AE was considered a dose-limiting toxicity (DLT) if it occurred during cycle 1, was clinically significant, grade 3 or 4, and related to study treatment. Grade 3 (G3) nausea, vomiting, diarrhea, or cytokine release syndrome (CRS) related to infusion reactions and associated with suboptimal prophylactic and other supportive treatment were not considered DLTs.
Patients were evaluated for antitumor activity by CT or MRI performed at screening, at the end of cycle 2, and then after every even cycle. If a response was noted (RECIST version 1.1), a follow-up radiographic assessment was required at ≥4 weeks (>28 days) for confirmation.
Pharmacokinetics
Blood samples for PK analysis of MRX34 were collected during cycle 1 pre-dose and at 24 and 48 h post-infusion, as well as more frequently at multiple time points on days 1 and 18. Concentrations of miR-34a mimic extracted from the blood samples were measured by qRT-PCR.14 PK parameters were estimated from blood concentration versus time profiles using commercial software (Phoenix WinNonLin, Pharsight) and a non-compartmental model, with means and standard deviations for each parameter calculated for each dose group.
Statistical analyses
All patients who received at least one dose of MRX34 were included in the safety analysis, and all patients, including those who had at least one post-treatment response assessment or discontinued before having a response assessment due to rapid clinical disease progression or death, were included in the analysis of response. Descriptive statistics were used for the evaluation of safety, PK, and response data.
Results
Patients and drug exposure
From April 2013 to September 2014, we treated 47 patients with Stage IV, advanced cancers non-responsive to standard-of-care treatments with at least one dose of MRX34. The median age was 60 years, and most were Caucasian (68%) and male (57%) ( Table 1) . Tumor types included HCC (n = 14), pancreatic cancer (n = 5), cholangiocarcinoma (n = 4), and a broad range of other cancers. While most patients had good performance status (0, 30%; 1, 62%), this was a heavily pretreated population, with a median of 4 prior treatments (range 1-12) and 90% having received >3 prior therapies. The median number of cycles of MRX34 received by all patients was 2 (range, 1-16); half of the patients received a single cycle (up to 6 doses), another third received 2 cycles, and seven patients received ≥3 cycles. Thirty-one patients discontinued the study due to disease progression, two patients discontinued due to death secondary to disease progression, another eight withdrew consent, one was lost to follow-up, and five discontinued due to AEs (one with sepsis judged unrelated to study drug, and one each with acute renal injury, low back pain, fatigue, and altered mental status, all judged as possibly related to study drug). Five of the 8 patients that withdrew consent in Cycle 1 had infusion related events (chills, fever, pain) and one patient had 7 cycles then withdrew due to fatigue. Two patients had SAEs (hypoxia and enterocolitis) in Cycle 1 and withdrew consent prior to complete assessment of causality.
Safety
Most AEs and laboratory abnormalities were grade 1 or 2 (Tables 2 and 3 ). The most frequently observed nonlaboratory AEs, regardless of grade and relationship to MRX34, were fever (64%), fatigue (57%), chills (57%), and back pain (57%). Treatment-related serious AEs (SAEs) did not show any notable pattern. Grade 3/4 laboratory abnormalities were recorded frequently but most were not associated with clinical symptoms. Compared to the group of patients with other cancers, the large group of patients with HCC had a higher frequency of laboratory abnormalities related to liver function, but otherwise the safety profiles of MRX34 in the two groups were similar (Table S1 ). AEs likely related to infusion reactions (ie, fever, chills, back pain) did not increase in frequency or severity with increasing doses of MRX34 administered with routine dexamethasone premedication subsequent to the first two dose cohorts.
Dose escalation
The MTD for non-HCC patients was 110 mg/m The G3 hypoxia at 124 mg/m 2 occurred after the first dose of MRX34 in a patient with breast cancer and metastases to the lung and liver. Drug-related pneumonitis was suggested by the work-up, which included bronchoscopy; the patient met the criteria for systemic inflammatory response syndrome (SIRS) and was empirically started on antibiotics. The G3 enteritis at 124 mg/m 2 occurred in a pancreatic cancer patient, who was admitted with abdominal pain and fever after one dose of MRX34. The work-up demonstrated small bowel inflammation, with CT evidence of new ascites and focal thickening of the small bowel and right colon. After treatment with supportive antibiotics and resolution of symptoms, the patient withdrew consent.
For patients with HCC, the cohort review committee recommended to discontinue dose escalation in the BIW schedule and explore QDX5 dosing. Therefore the MTD for HCC patients at the BIW schedule, was determined to be the last dose level studied of 93 mg/m 2 .
Pharmacokinetics
Blood concentration versus time curves showed variability within and between the dose levels ( Fig. 1) . Large standard deviations were observed for all parameters (Table S2) , likely related, in part, to differences in the length of infusions and discontinuous (start, stop) dosing. In general, estimated Cmax and AUC increased with increasing dose, with similar values within each dose cohort between days 1 and 18. The increases were non-dose proportional, however; for example, as the dose increased 9-fold from 10 to 93 mg/m 2 , the estimated AUC increased~30-fold. This effect suggests the potential for dose-related saturation of the presumed mononuclear phagocytic system clearance of the liposomes. The half-life in the cohorts from 20 to 100 mg/m 2 was approximately 35 h. 1 (2) 15 (71) 5 (46) 1 (9) 5 (71) 3 (50) -2 (100) Fatigue 27 (57) 6 (13) 13 (62) 3 (14) 5 (46) 1 (9) 5 (71) 1 (14) 3 (50) 1 (16) 1 (50) Chills 27 (57) 15 (71) 4 (36) 5 (71) 2 (33) 1 (50) Back Pain 27 (57) 5 (11) 14 (66) 4 (19) 4 (36) 4 (57) 4 (67) 1 (16) 1 (50) Nausea 23 (49) 1 (2) 13 (62) 4 (36) 2 (29) 1 (14) 2 (33) 2 (100) Diarrhea 19 (40) 5 (11) 10 (48) 3 (14) 4 (36) 1 (9) 1 (14) 3 (50) 1 (16) 1 (50) Decreased appetite 17 (36) 2 (4) 7 (15) 3 (27) 4 (57) 1 (14) 2 (33) 1 (16) 1 (50) Vomiting 16 (34) 2 (4) 7 (15) 2 (18) 3 (43) 1 (14) 2 (33) 1 (16) 2 (100) Dehydration 11 (23) 3 (6) 4 (19) 3 (27) 1 (9) 1 (14) 2 (33) 1 (16) 1 (50) Dyspnea 12 (25) 5 (24) 4 (36) 2 (29) 1 (17) Insomnia 11 (23) 3 (14) 3 (27) 3 (43) 2 (33) Serious AEs (SAE)
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Efficacy
Of the 47 patients enrolled, 35 (75%) had at least one tumor reassessment on study. One prolonged confirmed PR lasting 48 weeks occurred after initial SD for 6 cycles on MRX34 in a 47-year-old Asian male patient with HBV-associated HCC that had been initially resected, but recurred in the lung after progression on sorafenib (Table 4 , Fig. 2 ). Unequivocal progression of a non-target lesion occurred after cycle 17, and both target and non-target lesions remained stable for an additional 2 cycles of MRX34 and 4 months off treatment (as of G2  G3  G4  G2  G3  G4  G2  G3  G4 G2  G3  G4  G2  G3  G4 Lymphocytopenia 12 (26) 11 (23) 4 (9) 2 (10) 6 (29) 4 (36) 3 (27) 1 (9) 2 (29) 1 (14) 2 (29) 4 (50) 1 (13) 1 (13) Thrombocytopenia 10 (21) 8 (17) 2 (10) 3 (14) 3 (27) 3 (27) 2 (29) 1 (14) 3 (38) 1 (13) Neutropenia 7 (15) 6 (13) 5 (11) 3 (14) 2 (10) 3 (14) 1 (9) 2 (18) 1 (9) 2 (29) 1 (14) 1 (13) 1 (13) 1 (13) Decreased albumin 20 (43) 2 (4) 9 (19) 5 (45) 3 (43) 3 (38) 2 (25) Increased ALT 2 (4) 2 (4) 1 (2) 2 (10) 1 (5) 1 (9) 1 (14) 1 (14) Increased AST 6 (13) 9 (19) 2 (4) 2 (10) 4 (19) 2 (10) 4 (36) 4 (57) 1 (13) Increased bilirubin 4 (9) 2 (4) 2 (10) 1 (5) 1 (9) 1 (9) 1 (13) Hyperglycemia 5 (11) 6 (13) 1 (2) 2 (10) 2 (18) 2 (29) 1 (14) 1 (13) 4 (50) Hyponatremia 9 (19) 1 (2) 4 (19) 3 (27) 1 (14) 1 (13) July 2016). Six patients had SD as their best overall response, including one extrahepatic cholangiocarcinoma for 3 cycles, one colorectal carcinoma for 4 cycles, two with HCC for 4 and 7 cycles, one leiomyosarcoma for 2 cycles, and one NSCLC for 8 cycles (Table S3 ). Eight patients who had received at least one dose of MRX34 were not evaluable for response, including three patients due to AEs (acute renal injury, back pain, and fatigue) and five who withdrew consent. The remaining 32 patients (68%) had PD as their best response.
Discussion
This first-in-human study of a miRNA therapy provides valuable insights on the potential use of a new class of oligonucleotide-based drugs in oncology. Although mostly grade 1 and 2, the AEs associated with MRX34, particularly those that appeared to be infusion-associated, made continuous administration of this drug on the BIW schedule difficult. While routine dexamethasone premedication moderated these AEs, it did not stop them from occurring. This, and difficulty in adhering to the schedule made compliance with therapy challenging, resulting in early discontinuation in many patients, which may have limited the ability to demonstrate treatment benefit. A second BQDx5^dosing regimen of MRX34 explores an alternate dosing schedule of dexamethasone 10 mg BID for 7 days and once-daily MRX34 infusions over 2 h for 5 consecutive days in week 1, followed by 2 weeks off in 21-day cycles. This schedule is designed to improve tolerability and facilitate adherence, thereby increasing drug exposure; it also reduces the duration and total dose of steroid therapy per treatment cycle. Our study does not allow direct attribution of AEs to the liposomal carrier versus the miR-34a mimic, but many of the AEs that appeared to be temporally related to the MRX34 infusions could potentially be attributed to the liposome carrier independent of the miR-34a mimic. Liposome-related toxicities have been well characterized and may include complement activation, pro-inflammatory effects, and thrombocytopenia secondary to activation of the macrophage phagocyte system and/or margination of platelets into liver and spleen [36] . Tolcher et al. have reported phase I results for a BCL-2-targeted, single-stranded DNA oligonucleotide drug, PNT2258 (ProNAi Therapeutics, Inc., Plymouth, MI), that uses the same liposomal carrier as MRX34 [34] . In this study, 22 patients with refractory advanced solid tumors were given daily IV infusions of PNT2258 on days 1-5 in a 21-day cycle and completed a median 2 cycles of therapy. PNT2258 was well tolerated, with fatigue the most commonly reported treatment-related AE. While the two studies cannot be directly compared, the Tolcher et al. results suggest that the liposomal carrier was not the cause of the more frequent and severe infusion-associated reactions we observed with MRX34. Furthermore, it is likely that effects related to liposome exposure would be effectively mitigated, as with other liposomal formulated drugs, by the dexamethasone premedication.
Another possibility that could account for the differences in AEs observed in the PNT2258 phase I study and ours is the different oligonucleotide types-single-stranded DNA in PNT2258 and double-stranded RNA (dsRNA) in MRX34. Non-specific inflammatory effects have been well characterized for dsRNA, whereby these molecules can act as triggers of innate immunity involved in the host response to viral infection [37, 38] . It is therefore plausible that the occasionally prolonged infusion reactions observed in our study could be associated with non-specific effects due to exposure to the dsRNA, miR-34a mimic component of MRX34. Interestingly, recent research results suggest that this non-specific mechanism might play a role in promoting effective anti-tumor immune responses [39, 40] .
Other MRX34-related AEs that tended to occur later postinfusion, such as diarrhea/enteritis, fatigue, altered mental status, and dyspnea/hypoxia, could potentially be immune-related toxicities similar to those that occur with the anti-CTLA-4 and anti-PD-1/PD-L1 immune checkpoint inhibitors [41] . This hypothesis is supported by the recent observation that miR-34a can repress immune-related genes such as PD-L1 [24] [25] [26] . Given the wide range of potential effects (liposomal-related, dsRNArelated non-specific inflammation, and miR-34a-related specific modulation of gene expression), it will be important in further development to clearly determine their relative contributions to MRX34 toxicity and anti-tumor activity, and studies focused on this question are underway. It will also be important to more fully understand the potential effects of the dexamethasone that appears to be necessary to tolerably administer MRX34.
In conclusion, our results show that miRNA therapy with MRX34 is feasible and tolerable under adequate dexamethasone premedication and provide preliminary evidence of antitumor activity. Additional clinical studies of MRX34 monotherapy with supportive translational research are underway in patients with refractory advanced tumors using the QDx5 regimen with required dexamethasone premedication.
